Introduction
Thermochromic glazing systems have often been proposed as possible candidates for use as intelligent glazing systems for use in energy saving windows. There has been work done on potential thin film candidates, such as VO 2 , and how the composition and structure can be modified to fit the best properties for a thermochromic glazing. These properties are assumed to be; transition temperature for the material needs to be near that of room temperature (20 -25 °C) , the transition should occur quickly meaning that the gradient of the hysteresis should be steep and that the hysteresis loop width should be as narrow as possible. While these parameters seem to reasonable assumptions there has been very little work done [1] [2] [3] to see what effects each of these variables has on the potential efficiency of the material as an energy saving product. It is also worthwhile investigating the magnitude of the effect each of these factors has on the efficiency and whether they vary in effect with environmental factors.
Thin films of vanadium (IV) oxide have been the subject of significant research efforts in recent years due to their proposed application as an "intelligent" energy efficient window coating [4, 5] . These technologies are based on a temperature modulated structural phase change, which occurs in the pure material at 68 •C where the low temperature monoclinic phase (VO 2 M) converts to the higher temperature rutile phase (VO 2 R) [6] . Significant changes in electrical conductivity and infra-red optical properties occur in the material as a result of this structural change. The rutile material is metallic in nature and reflects a wide range of solar radiation, whereas the monoclinic phase is a semiconductor and transmissive across the same range of solar radiation. This dynamic switching behaviour is in contrast to existing commercial approaches, which rely on glazing with static behaviour such as heat mirrors, absorbing glass or Low-E coatings [7] . For vanadium dioxide to be effective as an intelligent window coating it is highly desirable to lower the transition temperature from 68 °C to nearer room temperature in order to maximize the energy demand reduction properties [1] . Doping studies have shown that the transition temperature can be altered by the incorporation of metal ions into the vanadium dioxide lattice [8, 9] . It has been demonstrated that the most effective metal ion dopant is tungsten, which is found to lower the transition temperature of the material by 25 •C for every atomic percent incorporated of the dopant [10] . The transition temperature has also been shown to be affected by film strain [11] and it has been demonstrated that strain can be introduced by careful choice of deposition conditions [12] . Tungsten doped vanadium dioxide films have been prepared by a variety of methods including physical vapour deposition [13] , sol-gel [14] , and chemical vapour deposition (CVD) methodologies [15] [16] [17] . CVD routes to the production of VO 2 films are generally considered more attractive because of the ability to integrate CVD processes with high volume float glass manufacture and the physical properties of CVD produced films, which are generally adherent and durable [18] .
The synthesis of thermochromic VO 2 films is by now largely well known and understood. However there is a major gap in knowledge of the energy demand reduction properties that these films may confer to glazing systems. Such advantages in the use of these coatings have not been significantly investigated with only a few reports existing in the literature [1] [2] [3] 18] . Indeed very little attention at all has been paid to the various parameters of the transition such as hysteresis width, hysteresis gradient and change in transmission / reflectance with respect to their energy saving performance.
Several studies have been performed on electrochromic [19] [20] [21] [22] and thermotropic [13] [14] [15] systems suggesting that such systems can significantly reduce the overall energy demand and enhance overall building energy performance. The advantage of a thermochromic system based on VO 2 compared to these systems is that there is no change in the visible portion of the spectrum, only in the infrared portion [7] .
In this paper we use energy-modeling studies of some idealized spectra to examine the effect of thermochromic transition hysteresis width on the energy demand reduction properties of thermochromic glazing systems based on VO 2 in several different climates. They are assessed with reference to some existing commercial products. This study, the first of this kind, is crucial to evaluate and quantify the performance of thermochromic glazing and the various transition parameters.
Experimental Section
Energy Plus software developed by the Lawrence Berkeley National Laboratory [26] and US Department of Energy was used to perform energy simulations and analysis. Energy Plus TM is an energy analysis and thermal load simulation program. Based on a user's description of a building from the perspective of the building's physical make-up, associated mechanical systems, etc. A series of simulations with different configurations and settings were run in order to evaluate the performance of the thermochromic coatings in different climates. The simulation set period is one year, with data points gathered every hour. A very simple model of a room in a building was constructed in Energy Plus TM. The room has external dimensions 6m x 5m x3m (length x width x height) and it is placed so that the axis of every wall is perpendicular to one of the orientation north, south, west and east. We consider the room to represent the facade of a generic building so that just one wall is exposed to the external environment (weather, sun, wind, etc.); the remaining three walls are not affected by external conditions. The building is located in the northern hemisphere and the external wall is supposed to be exposed to the southern side. The modeled zone is a mid floor office, of a multi-story block, buffered both above and below by conditioned spaces. The ground temperature would therefore have no effect on the performance of the studied zone. The choice of ground temperature was set not to reflect the real local ground temperature but rather the temperature of a further buffering zone, below the modeled spaces, and was taken to be 18 °C throughout the year.
One glazing possibility was considered comprising the whole of the southern face (100%) -a glazing wall, representing a modern commercial building. Further details governing the materials used for walls, etc., have been previously reported [1] . In both cases the window is double glazed with a 12mm air cavity, the coating was always modeled on the inside face of the outer pane. The only difference between each simulation was the glazing or coating used
The internal conditions were chosen to be air-conditioned between 19 •C and 26 •C to maintain a comfortable working/living environment. The required illuminance level in an office building is taken to be 500 lux, this corresponds to a lighting load of 400 W. The lights are fully dimmable: lowering their output when there is an adequate illuminance from the sun, in order to save energy. It is considered that they can be dimmed in the whole range from 0% to 100%. The dimming control is automatic and zoned. The casual heat gain (persons + equipment) is taken to be 500W in total and the ventilation rate used is 0.025m3/s. Building occupancy was set as occupied from 8:00 till 18:00, five days a week, as is normal for an office. The simulations were run for three different cities representing heating dominated (Helsinki), cooling dominated (Palermo) and mixed (London) environments.
The thermochromic properties of the glazing were modeled in version 5.0.0 of Energy Plus by entering the spectral data of the glazing in the hot and cold states. The thermochromic hysteresis effect was controlled by use of a set of schedules and the thermochromic model built into the energy plus software. The thermochromic model allows for individual spectral properties to be assigned a specific temperature range in which they will be utilized according to the glazing surface temperature. This means that as the surface temperature changes, the spectral data used to determine the amount of solar radiation entering the building will change, thus simulating the thermochromic effect. By varying the temperature range over which each spectrum is used allows for the creation of a suitable thermochromic hysteresis gradient model. The window surface temperature was correlated against the incident solar radiation.
To model the hysteresis width into the systems the model was run then analyzed to establish when the glazing system was 'heating' or 'cooling' according to the surface temperature of the window, using this data a series of individual daily schedules was produced and these could be used to control which glazing was to be used a which times.
Two thermochromic hysteresis gradient models; one 'heating', for when the system is in the heating portion of hysteresis loop, one 'cooling', for the cooling system of the hysteresis loop were set up in the thermochromic model. The schedule produced from the heating and cooling data could then be used to assign which set of spectra was to be used at which times there for creating a thermochromic system model.
The model is clearly limited because the building is not ideal for all climates. Insulation layers, as well as the materials chosen here, in warmer and cooler climates would be different from that used in the model depending not only on local climate conditions but also on the constructive techniques and materials available in loco. Likewise the assumption that a constant ground temperature of 18 •C throughout the year is significant. However, by using the results obtained from the plain glass simulations as a baseline we aim to isolate the change in energy performance caused by the use of different glazings. The results of the energy plus out puts for of the theoretical gradients are shown below. Blank glass and two already commercially available static coatings, absorbing glass (AG) and silver sputtered glass (SSG), spectra shown in figure 1, were also modelled as to be used as references by which the effective energy savings could be compared.
Choice of Spectra Used
It is defined that any plausible window glazing candidate would require a transmission of at least 60% in the visible region so as to still allow enough light in to effectively provide light source, and that to be effective energy efficient thermochromic glazing there would be a large change in transmission in the infra red region. Several transmission/reflectance UV-vis spectra (figure 2) were generated with an overall change of 65% in the infrared region. These spectra could then be entered in to the thermochromic model of the Energy Plus TM programme to simulate variations in the thermochromic properties of a glazing system. Figure 2 shows the maximum and minimum spectra for the transmission/reflectance, i.e. the spectra for the hottest and coldest states of the materials. In order to recreate a transition between these two states a series of spectra were produced at increments of 2.5% transmission/reflectance. Each of the pairs of spectra could then be assigned to a temperature and a hysteresis gradient created. By changing the temperature gap (ΔT) between each spectra the temperature range during which the thermochromic transition occurred could be varied and therefore the hysteresis gradient changed. In total 27 spectra were made so if ΔT was set at 1 ºC the thermochromic transition of 65 % would occur of a 27 ºC range around transition temperature (Tc). Transition temperatures were chosen to be 20, 25, 30 and 35 ºC.
Hysteresis width variation.
The other factor thought to effect the efficiency of thermochromic glazing is the width of the hysteresis loop. This affects the temperature at which the thermochromic transition occurs on heating and cooling the window. To model the effect that this has on the performance three hysteresis width were investigated corresponding to widths of 5, 10 and 15 °C these theoretical widths/gradients are shown in figure 3. 
Baseline Results

Climates investigated
Three cities were chosen to represent climates that are: cooling dominated -Palermo, heating dominated -Helsinki and mixed -London, in order to determine the type of climate that thermochromic glazing is able to have the greatest influence in.
3.1.1. Palermo Figure 4 shows the daytime highs and night-time lows for a one-year period in Palermo, Italy. The figure shows that for the majority of the year the temperature during the day is greater than the desired room temperature of 22 °C. The average temperature throughout the year in Palermo is 29 ºC. The environment is therefore a hot environment and energy demand is cooling dominated. Figure 5 shows the temperature profiles for the period of a year in London, UK. We can see from figure 5 that for around one quarter of the year, May-August, the environment will be cooling dominated. For the winter and autumn period, November to March the environment will heating dominated. For the remainder of the year there will be a mixture of heating and cooling required.
London
Helsinki
In figure 6 the yearly temperature profiles for the daytime highs and the night-time lows for the Helsinki environment are shown.
It can be seen from figure 6 that the climate requires heating for the majority of the year; making Helsinki a heating dominated climate. The amount of time spent above a comfortable room temperature (22°C) is largely negligible, even in the summer months when the temperature may rise above this for one or two hours a day.
3.1.4. Intrinsic energy saving properties of glazing The thermochromic systems modelled have an intrinsic energy reduction due to the absorbing properties of the systems, which will cause energy reduction even when the systems are in the cold state. To quantify the effect that this absorbing property would have the simulations were run using only the cold spectra. These results, shown in figure 7, could then be used to see what portion of the energy reduction can be assigned to variable heat mirror properties and what is due to the absorbing properties. Figure 8 a shows the results for the thermochromic systems when the Tc value was set to 35 ºC, in this set of systems the worst performing is the system where the hysteresis width is greatest (width = 15 ºC) in this case the energy demand is 2914 kWh a saving of 741 kWh compared to blank glass. As the width decreases the energy requirement also decreases when the width equals 10 ºC the energy requirement is 2851 kWh, 5 ºC the requirement is 2786 kWh and 0 ºC where it drops to 2519 kWh. These energy requirements correspond to an improvement of 804, 870 and 1136 kWh respectively when compared to blank glass. When the value of Tc is equal to 25 ºC (figure 8 c) the worst performing thermochromic system is the system with the largest hysteresis width (15 ºC width,) for this system the energy demand is 2666 kWh a reduction of 991 kWh compared to blank glass. 10 ºC width system requires 2600 kWh of power a reduction of 1056 kWh compared to blank glass, the 5 ºC width system requires 2599 kWh a saving of 1057 kWh. The best performing system, 0 Width, requires 2124 kWh corresponding to a saving of 1531 kWh compared to blank glass. Figure 8 d shows the energy demands for the systems when Tc is set to 20 ºC. For this set of simulations the least well performing system is the system with the greatest hysteresis width (15 ºC width). The widest hysteresis width had an energy load of 2599 kWh this is a reduction of 1057 kWh compared to blank glass. As the hysteresis width is decreased the energy load decreases, a 10 ºC width has an energy load of 2527 kWh a reduction of 1128 kWh compared to blank glass. 5 ºC width has a 2492 kWh energy load, 1163 kWh less than blank glass. 0 ºC width has the lowest energy demand of all the systems requiring 1983 kWh a reduction of 1672 kWh compared to blank glass.
Results
Palermo
The narrowing of the hysteresis width has greater affect at lower values of Tc, this can be seen by comparison of the energy load difference between the best and worst thermochromic for each value of Tc; Tc = 35 ºC gap = 395 kWh, Tc = 30 ºC gap = 493 kWh, Tc = 25 ºC gap = 540 kWh, Tc = 20 ºC gap = 615 kWh. The results show that for the Palermo environment the thermochromic glazing with the lowest energy demand is one with a low value of Tc and as narrow a hysteresis width as possible (figure 25 d, 0 ºC width). When comparing the thermochromics to the industry standards, AG and SSG, it can be seen that for all values of Tc the narrowest hysteresis width have a lower energy load. With low values of T¬c it is still possible for the thermochromic glazing to out perform both industry standards. In all cases the thermochromic glazing out performs the SSG sample. It is clear from these results that the hysteresis width of the thermochromic transition has important consequences for the energy demand reduction properties of the glazing.
London
The energy load demand for the blank glass scenario is shown in Figure 10 for the London environment. The blank glass energy load corresponds to a value of 2373 kWh. Also shown in all of the graphs is the energy requirement for two industry standards AG (absorbing glass) and SSG (a heat mirror) these require energy loads of 1707 and 1845 kWh respectively. This means that AG corresponds to a saving of 666 kWh and SSG a saving of 527 kWh compared to blank glass. This indicates that the absorbing glass AG is slightly more effective for this environment than the SSG case. The final graph, figure 10 d, shows the systems when the Tc value is reduced to 20 ºC this yields thermochromic system with the lowest energy usage but still follow the trend as in the previous systems where the hysteresis width reduction corresponds to reduction in energy usage. 15 ºC width requires 161 kWh, 10 ºC width requires 1733 kWh, 5 ºC requires 1723 kWh and 0 ºC width requires an energy usage of 1388 kWh. These energy loads correspond to reductions in energy usage of 612, 639, 649 and 984 kWh respectively when compared to the blank glass system. When comparing the results to the two industry standards ( Figure 11 ) it can be seen that in the case where no hysteresis width is introduced, 0 ºC width, the systems out perform both industry standards for all values of Tc (except where Tc = 35°C). When hysteresis width is introduced there is a drop in the glazing improvement and the lower T¬c cases (20 & 25 °C) perform comparably to the AG case and the higher Tc cases (30 & 35 °C) perform comparably to the SSG instance. Figure 11 shows the percentage energy saving of each system when compared to the blank glass system with variation of hysteresis width. Figure 12 shows the different systems modelled for the Helsinki environment, each of the graphs, a -d, show the systems using blank glass and two industry standards SSG (heat mirror) and AG (absorbing glass). The blank glass system has an energy load requirement of 4088 kWh. SSG has an energy load of 3369 kWh which is a decrease of 719 kWh compared to blank glass. AG has an energy load of 3306 kWh, which is a 782 kWh reduction in energy demand compared to the blank glass case. This indicates that for this environment AG is slightly more efficient than SSG. In figure 12 b the annual energy loads for systems with Tc value of 30 ºC is shown. These systems show the same relationship between hysteresis width and energy load as was observable in the Tc = 35 ºC systems where increased hysteresis width leads to increased energy load requirement. 0 ºC width requires 3226 kWh, 5 ºC width requires 3449 kWh, 10 ºC width requires 3505 kWh and 15 º C width requires 3554 kWh of energy per year.
Helsinki
These energy values correspond to reductions of 862, 638, 583 and 533 kWh respectively compared to the blank glass system. Figure 12 c shows the system where the value of Tc is set to 25 ºC this system shows the same trend as the previous two systems with hysteresis width decrease leading to a decrease in energy load. 15 ºC width 3449 kWh energy load, 10 ºC width 3394 kWh energy load, 5 ºC width 3346 kWh energy load and 0 ºC width 3052 kWh energy load. These energy loads correspond to reductions, when compared to the blank glass system, of 638, 694, 741 and 1035 kWh respectively.
The last graph, figure 12 d, shows the system with the lowest Tc value. This system gives the lowest value for each thermochromic when compared to the higher Tc value systems and like the other systems it shows the same trend of decreased hysteresis width leading to lower energy demands. 15 ºC width requires 3346, 10 ºC width requires 3305 kWh, 5 ºC width requires 3276 kWh and 0 ºC width requires 2908 kWh. When compared to the blank glass system these energy requirements correspond to reductions of 741, 783, 812 and 1180 kWh respectively. When comparing the systems to the Industry standards it can be seen from figure 13 that the thermochromic systems in which there has been a hysteresis width introduced all perform comparably or worse than the both the AG and the SSG systems. For this environment the best performing thermochromic is one with a low Tc value and a narrow hysteresis width, figure 36 d, 0 ºC width.
Discussion
There are some noticeable general trends in all of the data. Firstly and foremost a lower transition tempera-ture leads to a bigger energy saving. Secondly a lower transition hysteresis width leads to a bigger energy saving. It is also noticeable that the transition temperature has a bigger effect than the hysteresis transition width, i.e an improvement of 1% per degree Tc reduction as opposed to an improvement of ~0.5% per degree reduction in hysteresis width (except at very low width).
The overall effect in each of the climates investigated was to reduce the energy demand when compared to the clear-clear glazing system. In the hot environment, Palermo, the best performance was for the lowest transition temperature investigated (20 °C) and the lowest hysteresis width (0 °C) with a total energy load of 1983 kWh, representing a reduction in demand of 1672 kWh or 54% compared to the clear-clear glazing system. This was also improvement compared to the industry standards which gave energy demand reductions of 39% for the absorbing glass and 28% for the silver sputtered glass compared to the clear-clear glazing system.
In the mixed environment, London, the best performance was also given by the scenario with the lowest transition temperature investigated (20 °C) and the lowest hysteresis width (0 °C) with a total energy load of 1388 kWh, representing a reduction in demand of 984 kWh or 43% compared to the clear-clear glazing system. This was also improvement compared to the industry standards which gave energy demand reductions of 27% for the absorbing glass and 22% for the silver sputtered glass compared to the clear-clear glazing system.
In the cool environment, Helsinki, the scenario with the lowest transition temperature investigated (20 °C) and the lowest hysteresis width (0 °C) also gave the best energy demand reduction performance. A total energy demand of 2908 kWh was required, representing a reduction in demand of 1180 kWh or 27% compared to the clear-clear glazing system. This was also improvement compared to the industry standards which gave energy demand reductions of 18% for the absorbing glass and 17% for the silver sputtered glass compared to the clear-clear glazing system. Biggest energy improvement is in the hot climate (Palermo), although there is still significant energy demand reduction in the mixed and cool climates investigated (London and Helsinki)
It is readily apparent that the switching of the glazing is having a significant effect. In the best case in each climate the inherent energy demand of the low temperature thermochromic glazing (i.e. no switching) is 3086 kWh for Palermo, 2028 kWh for London and 3676 kWh for Helsinki. In comparison the best thermochromic performance in each climate leads to an overall energy demand of 1983 kWh for Palermo, 1388 kWh for London and 2908 kWh for Helsinki, which represents an energy demand reduction of 36, 32, 21 % for Palermo, London and Helsinki respectively.
One notable phenomenon is that typically an extra 10-15% in energy demand improvement over blank glass can be gained by reducing the hysteresis width from 5 °C to 0 °C. The thinner the hysteresis width the more quickly the hot state is entered, thus allowing for maximum efficiency in allowing most appropriate glazing characteristics to be used. However, the production of thin vanadium dioxide thin films with a 0°C hysteresis width is not enormously realistic. It is not well understood how to obtain low hysteresis widths, although uniform particle size has been suggested as one possible route 12. In any case, the vast majority of samples in the literature have widths of 5-10 deg C 16, 17, 26-30. Which gives a comparable or moderately enhanced performance when compared to the absorbing glass, and a significantly improved performance over the sputtered silver glass.
None the less, thermochromic glazing would still provide an additional energy benefit of 1-3 % compared to absorbing glass and there are a number of practical reasons to prefer a coating of this type. Sputtered silver glasses are typically produced by PVD methodologies and have a limited life span, typically around 10 years much less than the average life span of a modern commercial building. Absorbing glasses are produced by body tiniting, obtaining a stable glass melt in the float glass production time is a laborious process, typically taking around 100 hours, during which time any glass produced at the factory is not saleable this represent 100% loss during this time. Producing films via an integrated CVD process allows for deposition to be turned on and off at will, drastically reducing the float line down time and improving factory efficiency
Conclusions
The energy demand associated with the use of a theoretical thermochromic coating in architectural glazing has been evaluated, using the energy simulation package EnergyPlus. The study, the first of this kind, examines the effect of different hysteresis properties of the thermochromic transition. The results demonstrate that such thermochromic glazing could have an additional energy benefit in excess of those approaches currently used in warmer climates. This arises from a combination of absorbing and heat mirror behaviour. The best energy performance occurred in the warm climate examined and where the thermochromic transition temperature was lowest and the hysteresis width at it's thinnest. In this instance the energy demand of the model could be reduced by 54% compared to a standard double glazed system. The results also indicate that transition temperature has a much larger effect on the energy demand reduction properties of the glazing than the hysteresis width -an improvement of 1% per degree Tc reduction as opposed to an improvement of ~0.5% per degree reduction in hysteresis width. It does however, highlight that hysteresis width does have an important role to play in enhancing the energy demand reduction characteristics of thermochromic glazing systems and that this needs to be considered when thermochromic thin films are synthesised.
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